Distribution patterns of furocoumarins in fruits of the invasive species Heracleum sosnowskyi Manden. (Sosnowskyi's hogweed) during a cold stratification period were investigated. Angelicin, bergapten, methoxalen and imperatorin were mainly localized in the fruit coats and their content varied depending on the fruit source. Cold stratification treatment (90 days, 2-3°C) reduced the content of furocoumarins in the fruit coats by more than two times, compared with those before stratification. The specific activity of the detected furocoumarins and total activity of crude extracts were evaluated using Lactuca sativa, as acceptor plant. Crude extracts obtained from fruit coats and seeds of H. sosnowskyi suppressed 50% of radicle and hypocotyl growth of lettuce seedlings at the concentration range of 1.0-1.7 mg/mL. The inhibitory activity of angelicin was proved to be the highest compared with the other tested furocoumarins, and the inhibitory activity of crude extracts could be explained mainly by the presence of angelicin. Both, monocots (Lolium multiflorum, Phleum pratensis, Festuca pratesis, Lolium perenne) and dicots (Tripholium repens, Trifolium pretense) were found to be sensitive to the exudates of whole H. sosnowskyi fruits. Thus, we assume, that high inhibitory potential of furocoumarins, especially angelicin, at high seed productivity of H. sosnowskyi might have an ecological significance in plant-plant interaction.
Fruits consist of two winged mericarps, which are connected in pairs by a carpophore and contain one seed [1, 7] . Here, entire mericarps are termed "fruits" to simplify the terminology.
Cold stratification under natural (winter period) or laboratory (1-6°C, at least 2 months) conditions is required to initiate the germination of H. sosnowskyi seeds, the embryo of which is undeveloped and self-inhibited by furocoumarins [8, 9] . Despite several studies on furocoumarins present in H. sosnowskyi fruits [10, 11] , there is still limited information about the effect of cold stratification on furocoumarins content.
Furocoumarins have already been reported as plant growth regulators [12, 13] , plant protective agents from fungi and bacteria [14] , and also be involved in interactions between plants [15] [16] [17] [18] . As a donor of bioactive compounds, the inhibitory effect of whole Sosnowskyi's hogweed fruits on the germination and growth of other plants was randomly tested [19] [20] [21] . However, no evaluation has been made of furocoumarins as allelochemicals based on total activity approach. Total activity is a relatively new concept to evaluate whether natural bioactive chemicals really act as allelochemicals based on their concentration and activity [22] [23] [24] . Total activity is the biological activity per unit weight of the plant material containing the bioactive compound and is defined as: total activity = concentration or content of a compound in a plant/specific activity (EC 50 ). Specific activity is expressed in general by EC 50 , which is defined as the effective concentration of the compound to induce half of the maximum inhibition. A small EC 50 value indicates a compound with high specific activity [23] .
The importance of allelochemicals in invasion is widely reported [25] [26] [27] , but recent studies show some limitations [28, 29] . However, we assume that H. sosnowskyi's fruits may contribute to its invasiveness through the exudation of furocoumarins into the environment and the suppression of other plants.
Based on this hypothesis, our research aimed at determining the distribution patterns of some furocoumarins (angelicin, bergapten, methoxalen and imperatorin) in H. sosnowskyi fruits under cold stratification conditions, as well as estimation of their phytotoxic properties.
The content of the furocoumarins in the fruit coats and seeds of non-stratified fruits (I) and in fruit coats after stratification (II) were identified and are shown in Table 1 .
Before stratification all detected furocoumarins were mainly localized in the H. sosnowskyi fruit coats, where their concentration was more than two times higher than in the seeds. The content of angelicin ranged from 11.8 to 29.0 mg/g in the fruit coats, depending on the location of the fruit collection. Bergapten (5.0-7.1 mg/g), imperatorin (0.4-7.5 mg/g) and methoxalen (0.5-8.7 mg/g) were detected at significantly lower concentrations, compared with angelicin. Cold stratification treatment decreased the concentration of all detected furocoumarins in the fruit coats by more than two-fold, thus leading to dormancy breaking [8, 30] and either leaching of furocoumarins into the environment or their decomposition. Our results do not include data on the furocoumarins content of H. sosnowskyi seeds after stratification; only the radicle and hypocotyl of H. sosnowskyi seedlings were analyzed. All furocoumarins were found in low concentration; the content of bergapten and imperatorin ranged from 0.1 to 0.3 mg/g, while angelicin and methoxalen contents were below the limit of detection.
To evaluate the possible ecological significance of H. sosnowskyi fruits, the inhibitory activity of crude extracts was tested and the results are shown in Figure 1 . Radicle and hypocotyl growth of lettuce seedlings were delayed by crude extracts in a dosedependence manner. The total activity for fruit coats before stratification was determined at a concentration of 1 mg/mL, while extracts from seeds and fruit coats after stratification contained 1.6 and 1.5 mg/mL respectively. It has been previously reported that aqueous extracts of H. sosnowskyi seeds significantly inhibit the germination and seedlings growth of Brassica napus and Lolium perenne at concentrations of 0.02-0.2% [21] . Takemura et al. [31] showed a high inhibitory activity (EC 50 =1.78 mg/mL) of lettuce seedlings by a methanol extract of Gliricidia sepium leaves and this inhibitory activity was explained by a high amount of coumarin [31, 32] . Compared with the results of Takemura et al, the total activity of H. sosnowskyi is one of the highest among plants.
At lower concentrations, all crude extracts had a stimulatory effect on the growth of the lettuce radicle; hypocotyls were found to be more sensitive to H. sosnowskyi fruit extracts than radicles. The differences in inhibitory potential of crude extracts can be explained by variations in furocoumarin content (Table 1 ). In addition, we assume the possible effect of other unidentified furocoumarins. Among these, angelicin had the strongest specific activity, expressed by an EC 50 of 12 and 11 µg/mL for lettuce radicle and hypocotyl growth, respectively. Bergapten and imperatorin had a lower inhibitory ability and the EC 50 can be achieved at a concentration of more than 200 µg/mL. The inhibitory effects of the crude extracts and individual furocoumarins on the radicle and hypocotyl growth of lettuce seedlings were compared to find the compound responsible for the inhibitory effect of H. sosnowskyi fruits [24] . Figures 2 and 3 show that the inhibition effect of angelicin (at the concentration obtained in the crude extract) and whole crude extracts have more analogous volumes than the other furocoumarins. Thus, angelicin appears to be the compound most responsible for the inhibitory activity of H. sosnowskyi fruit coat and seed crude extracts. yield of furocoumarins produced by non-stratified fruit coats ranged between 1.1 g/m 2 of methoxalen (based on Table 1) to 7.7 g/m 2 of angelicin; meaning that the litter from seeds can produce around 60 kg/ha of angelicin. The effect of exudates from whole H. sosnowskyi fruits on the germination and growth of some monocots and dicots plants were tested (Table 2 ). (Table 3) . Their radicle and hypocotyl (coleoptile) seedling growth was significantly inhibited, even when applied to fruits the amount of which (5-15 mg/10 cm 2 ) was less than in their natural condition. In our research we focused on the content of furocoumarins in H. sosnowskyi fruits during stratification and considered them as possible allelochemicals of Sosnowskyi's hogweed.
As expected, angelicin, methoxalen, imperatorin and bergapten were mainly localized in fruit coats of H. sosnowskyi fruits, and their content significantly declined after a cold stratification period. As furocoumarins are considered to be seed autoinhibitors, the decrease in their concentration may initiate seeds leaving dormancy. We suppose that fruits of Sosnowskyi's hogweed are able to create a zone with high inhibitory potential that may have significance for the growth inhibition of other plants. Involvement of fruits in plantplant interaction through biologically active compounds has still received little attention, but our research shows the high inhibitory ability of the fruits of the invasive Sosnowskyi's hogweed, and this can have a practical implementation. Cold stratification treatment (90 days, 2-3°C) was applied to facilitate H. sosnowskyi seed germination. Stratified and nonstratified whole fruits were divided into seeds (inner part) and fruit coats (outer part, containing essential oils) before the extraction procedure. Seeds of Festuca pratensis, Lolium multiflorum, Lolium perenne, Phleum pratensis, Trifolium pretense and Trifolium repens were purchased from Benidai seed Co. (Japan), and Lactuca sativa seeds -from Takii seed Co. (Japan).
Chemicals:
As standards, angelicin, bergapten, methoxalen and imperatorin were purchased from WAKO Chemicals (Japan).
Extraction procedure: Crude extracts were obtained from air-dried H. sosnowskyi fruits, which were finely ground, immersed in methanol for 48 h at room temperature, sonicated (1 min) twice, filtered through filter paper No.1 (Advantec Toyo Roshi Kaisha, Tokyo, Japan), centrifuged (3,000 rpm, 10 min) and the supernatants collected.
High performance liquid chromatography analysis (HPLC):
HPLC analysis was carried out using a LC-20AD liquid chromatograph (Shimadzu, Japan). A shim-pack VP-ODS column (250 x 4.6 mm, 5 μm particles, Shimadzu, Japan) was used. The column temperature was kept at 40°C and the flow rate of the mobile phase was set at 0.4 mL min -1 . The following gradient was used: 0-6 min methanol/water (45:55, v/v), 6-7 min linear increase up to methanol/water (60:40, v/v), 10.5-11 min methanol/water (75:25, v/v), and 11.5-30 min 99% methanol. Prior to injection (10 μL), the crude extract was filtered through a 0.2 μm syringe filter (Millipore, Japan). The analysis was monitored by a SPD-M20A detector at 280 nm. Quantification was obtained by comparing the peak areas of the target compounds with the abundance of these compounds in corresponding standards used for the calibration curve preparation.
Specific and total activity bioassay:
The specific and total activity of crude extracts and individual furocoumarins was tested using L. sativa seedlings [24] . The crude extract was obtained from H. sosnowskyi fruit coats and seeds according to the same procedure as described above. The following concentrations of dry matter were tested: 0.00025, 0.0025, 0.025, 0.25, 2.5, 12.5 and 25 mg/cm 3 . Five lettuce seeds were placed onto each 27 mm glass Petri dish, which was replicated 3 times. The experiment was carried out in dark conditions at a temperature of 22°C for 3 days in a growth chamber. After incubation, the germination percentage, and radicle and hypocotyl growth were measured. Inhibitory activity bioassays using angelicin, bergapten, methoxalen and imperatorin were made in the same conditions as described above.
Phytotoxic activity bioassay:
To assess the possible phytotoxic effect of whole H. sosnowskyi fruits, the sandwich method [33] using Festuca pratensis, Lolium multiflorum, Lolium perenne, Phleum pratense, Trifolium pretense and Trifolium repens was implemented. Briefly, 10-150 mg of whole H. sosnowskyi fruits was placed in each well of six-well multi-dish plastic plates. Ten mL of agar was added in 2 layers to the dried fruits. Five lettuce seeds were vertically placed into the agar and the plate was sealed with plastic tape for incubation in darkness at 22°C. After 3 days, the radicle and hypocotyl/coleoptile length of the lettuce seedlings were measured and the germination percentage recorded.
Statistical analysis:
The obtained results were statistically analyzed by one factor of the ANOVA test. Values of p ≤ 0.05 when different to the control were considered statistically significant.
